Peltier effect in normal metal-insulator-heavy fermion metal junctions. 
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A theoretical study has been undertaken of the Peltier 
effect in normal metal - insulator - heavy fermion metal junc- 
tions. The results indicate that, at temperatures below the 
Kondo temperature, such junctions can be used as electronic 
microrefrigerators to cool the normal metal electrode and are 
several times more efficient in cooling than the normal metal 

- heavy fermion metal junctions. 

71.27.+a, 72. 20. Pa, 85.30. Mn 

The attention of physicists has been drawn to heavy 
fermion (HF) compounds [1,2] the unusual properties of 
which make them attractive for various physical applica- 
tions such as thermoelectric devices [3-5]. In this paper 
the Peltier effect of a normal metal (N) - insulator (I) 

- HF metal {^hf) junction is investigated. It is shown 
that NIN//i? junction can be used as an electronic mi- 
crorefrigerator. The physical principle of the microre- 
frigerator is that the current flowing through the junction 
removes high-energy thermal electrons from the normal 
metal, thus cooling it. Recently, electronic microrefriger- 
ators based on a normal metal-insulator-superconductor 
(NIS) tunnel junctions have been proposed and inves- 
tigated [6,7]. It is the existence of a superconducting 
gap in the superconductive electrode of the NIS junction 
that permits manipulation of the Fermi-Dirac distribu- 
tion of electrons. Similar refrigeration effect also can be 
achieved through the internal field emission in a thin-film 
device [8], vacuum devices [9,10] and superconductor- 
semiconductor-superconductor structures [11]. 

In the present paper it is shown that the existence of 
a hybridization gap produced by strong electron corre- 
lations near the Fermi surface in a HF metal also al- 
lows manipulation of the energy transfer from the elec- 
tron gas in the normal metal electrode (thermoelement) 
to electrons in the HF electrode in the NIN^fi^- junction. 
Calculation of the temperature dependence of the power 
transfer from the normal metal electrode reveals that it 
attains a maximum at a temperature below the Kondo 
temperature T^- 

The tunneling current and thermal properties of the 
NIN//i? junction shown in Fig. 1(a) is investigated. A 
potential V is applied to the normal metal electrode. The 
tunneling current is given by 

/ = 27re ^ \Tyak,ap\^ 5{£Lp + eV - Ei,k) ^ 

ifiSLp) - fiE.k)] (1) 



where SLp is the kinetic energy of conduction elec- 
trons with momentum p in the normal metal electrode, 
f{E) is the Fermi-Dirac distribution function, Ti,ak,tTp — 
{vak I H I ap) is the matrix element of the electron tran- 
sition through the barrier from an electron state {crp) 
in the normal metal electrode into a quasiparticle state 
{vak) in the energy band E^(^) of the HF metal, a and 
a are spin indices, H is the Hamiltonian of the junction. 

The thermal transport properties of the NIN^fi? junc- 
tion are determined by the energy transferred by the tun- 
neling current. When electrons with kinetic energy elp 
are removed from the normal metal and transit into the 
HF metal, then electrons with an average kinetic energy 
equal to the chemical potential ji are returned to the nor- 
mal metal electrode through normal contact. Then the 
power transfer P from the normal metal electrode on the 
left into the HF electrode on the right is given by 

P = 2^ ^ \T,^k,ap\'5{eLp + eV -E,k)^ 

[SLp-tAUiSLp)- f{E,k)]. (2) 

If P > then the tunneling current cools the electron 
gas in the normal metal electrode. In order to determine 
/ and P it is necessary to obtain Ti^ak.ap and E^ih). 
This is a non-trivial task for HF compounds due to the 
strong electron correlations. The physical properties of 
HF compounds depend strongly on temperature due to 
the Kondo effect. At temperatures T >> Tk bare elec- 
tron states are well defined quasiparticle states. With 
decreasing temperature when T —f Tk, the scattering 
of conduction electrons off the localized / electrons is 
enhanced and results in the Kondo resonance which is 
responsible for the unusual transport properties of HF 
compounds [12]. In particular, at T ~ the Seebeck co- 
efficient of a HF metal displays a giant peak. At temper- 
atures below Tk hybrid quasiparticles are formed. They 
can be described as a quantum superposition of conduc- 
tion and / electrons. Thus, it is expected that tunneling 
of electrons from the normal metal electrode into the HF 
electrode is different above and below Tk due to the dif- 
ferent nature of quasiparticle states. 

In order to study the Peltier effect of the NINj^j? junc- 
tion at T < Tk the following Hamiltonian was considered: 
H = Hl + Hji + Ht where Hl and Hji are the Hamilto- 
nians of the normal and HF metals, respectively. Ht is 
the tunneling Hamiltonian: 

Ht^ iTk,pa+pC„k + TlpC+^a^p) (3) 

k-,P-,(7 
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where a'^p{a„p) and c^f;{ccrk) are creation (annihilation) 
operators for bare electron states with spin a and momen- 
tum p and k in the normal and HF metals, respectively, 
Tk^p is the bare matrix element. Hn is the Hamiltonian of 
the periodic Anderson model. At T < T^, in the frame- 
work of the mean field approach, the Hamiltonian Hn 
can be written in the form [13-15]: 

ak ak 

+ E(^«//'^-(l^)/a'fcC.fe + H.c.) (4) 

aak 

where SRk is the kinetic energy of noninteracting conduc- 
tion electrons in the HF metal, 14/ / and e / arc the effec- 
tive hybridization parameter and effective /-level energy, 
respectively. The parameters K//, £/ and the chemical 
potential fi have to be determined self-consistently, min- 
imizing the free energy with respect to V^f f,£f and /i at 
a given total number Nt of electrons. Here Nt = Nc + Nf 
where Nc and Nf are the number of conduction and / 
electrons per / ion, respectively. This gives a set of the 
mean-field equations (sec, for example, [13]). Ce"*"^ ions 
in the ground state have one electron in the /-shell. Va- 
lence fluctuations leads to Nf <1. In this case Sf > jj,. 
The function <pacr{i^) characterizes the anisotropy of the 
Kondo coupling. The diagonalization of the Hamiltonian 
(4) gives the quasiparticle energies 

E,k = {£/ + SRk T [{£f - £Rkf + 4 |V(k)| Y/'}/2. (5) 

Here y(k) = l^,//(/)(k), ^^(k) ^ |</>a.(k)|V2. The 
upper and lower signs correspond to = 1 and 2, respec- 
tively. For the; isotropic coupling (^^(k) = 1 a hybridiza- 
tion gap between the lower and upper hybrid bands 
Elk and E2k is equal to IS.E = mmE2 — max Si w 
W |Ve//|^ /{W — ^)/i where W is the width of the con- 
duction band. The gap is opened at £/. Calculating the 
eigenfunctions related to E^k-, the matrix element Tvak,(Tp 
can be found: 

Tuoik,<jp = Tak,<TpUuk = 'i(l>aaO^)UukTk,p/(t>0<-)- (6) 

This equation shows that T^ak,crp diff'ers strongly from 

the bare matrix element Tk^p. The factors i(^Q,cr(k)/(/!)(k) 
and u^k describe the renormalization of the tunneling 
matrix element due to the anisotropy of the Kondo cou- 
pling and the formation of the hybrid states (5). There is 
the relation \u^k\ ~ dE^k/ de^k- The hybrid quasiparti- 
cles are called 'heavy-fermions' as the mass of the quasi- 
particles at the Fermi surface is much larger than the bare 
electron mass niR: m*R/mR = |wife|~^ » 1 at A; = kp- In 
accordance with Eq. (6) at T < Tk the rcnormalizcd ma- 
trix element Ti,ak,ap for tunneling into HF states near the 
Fermi surface becomes in 1/ |uifc| ~ (w^/tok)^/^ times 
smaller than the Tk^p value. Substituting Eq. (6) into 
Eqs. (1) and (2) gives 



7 = 47re E \Tk,p\^ \u^kf S{eLp + eV - E^k) x 

[f{E,k-eV)-f{E,k)], (7) 
P = 47r E \Tk,pf \u,kf S{eLp + eV - E^k) x 

uk,p 

{E„k -eV- tj)[f{E,k - eV) - f{E^k)]- (8) 

It is important to note that the increase of the den- 
sity of states (DOS) in the hybrid bands, p„{E) = 

J2k^i^ ~ Evk) = PR\uvk\~'^ , with regard to the bare 
DOS pij, compensates for the decrease of the tunneling 
matrix element Eq. (6), as Pu{E) \T^ak.apf' = PR \Tk,p\^ ■ 
Taking into account this result, it is concluded that the 
formation of heavy fermions does not change noticeably 
the magnitude of the tunneling current / through the 
NIN//i? j miction. 

In order to examine the properties of the NIN/zi?- junc- 
tion caused by the formation of the hybridization gap, 
the following approximation is made. The energy depen- 
dences of the bare density of states is neglected, as is also 
the momentum dependence of Tk^p and anisotropy of the 
Kondo coupling. With these assumptions the following 
is obtained 

/•max El, 

I = AwepLPR \Tk,p\^ Yl / [/(^ - - fi^)]^^' 

^ J min El, 

P = ^T^PLPR E / (s - el/ - m) X 

^ J min El, 

[f{E - eV) - f{E)]dE. (9) 

At \eV\ <^T these equations give P = HI where 

Il=[AE + EtfiEt)-EbfiEb) 

-THf{Et)/f{E,))y{l + f{E,) - f{Et)) \e\ . (10) 

Here Et = maxEik, Ef, = maxi?2A; 

In order to obtain the temperature dependence of the 
Peltier coefficient H the set of mean-field equations are 
solved numerically and £/(T), 14// (T) and p{T) are ob- 
tained. These parameters determine the energy spectrum 
Eq. (5). The temperature dependences of H(r) and the 
energy gap Ai? are presented in Fig. 2. These calcula- 
tions show that in the case of a low-lying Kramers doublet 
N = 2 the Peltier coefficient H(T) achieves a peak value 
of order of O.bTk/ \e\ at T oc 0.2Tk. Therefore, if eV > 0, 
then a current flowing from the left to the right cools the 
electrons in the normal metal electrode. The cooling ef- 
fect has the following origin. Consider a flow of electrons 
from the HF electrode into the normal metal electrode. 
Such a flow corresponds to / > 0. In accordance with 
the above calculations, electrons with an average energy 
smaller than p, arc transferred from the HF electrode into 
the normal metal due to the hybridization gap which lies 
above the chemical potential /x in the energy spectrum 
of the HF metal, while electrons with an average energy 
equal to p leave the normal metal electrode through nor- 
mal contact. 
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In the case of impurity scattering at T < the 
Pehier coefficient Il^f p of HF metals is equal to Il^f p = 
TT^T'^Nf/{3eNcTo) where Tq is the low temperature 
Kondo scale, Tq oc [16]. In accordance with the calcu- 
lations represented in Fig. 2 for A'' = 2, at T = Tm 
the ratio of the peak value n(Tm) to Uhf is given 
by n{Tm)/IlHF « 0.15NcTi/NfTl. As ~ Nf and 
Tm « 0.24Tfc, n(Tm) is three times larger than Hhf- 
This means that at low temperatures T ^ T„i the NIN/f p 
junction is substantially more efficient in cooling than the 
normal metal-heavy fermion metal contact. 

Unlike Ce+'' ions, a magnetic moment of Yb"*""^ ions is 
produced by one hole in its / shell, and the hybridization 
gap is opened at £/ < ^. If the right electrode is made 
from a Yb based HF compound, then 11 is negative unlike 
the positive 11 for Ce based HF compounds. In the latter 
case, electrons in the normal metal thermoelement are 
cooled when eV < 0. For more effective cooling of the 
normal metal electrode a junction N//p(Yb)ININjyF(Ce) 
may be proposed because the current flowing through 
both Njjj;.(Yb)IN and NINjji;'(Ce) junctions wiU cool the 
electrons in the normal metal electrode. 

The above calculations of the Peltier coefficient of 
NIN//ir junctions have been carried out in the isotropic 
approximation neglecting anisotropy of the Kondo cou- 
pling produced by the crystal field effect. It is well known 
that this effect influences the DOS in HF compounds 
[14,15]. It is also expected that it will affect the tunnel- 
ing current and the power transfer through the junction. 

In conclusion, the tunneling current and Peltier ef- 
fect of the normal metal-insulator-heavy fermion metal 
junctions have been studied. It has been demonstrated 
that at temperatures below the Kondo temperature 
the tunneling current transfers energy from the normal 
metal cooling electrons in the normal metal electrode. 
Thus, these junctions as well as the normal-insulator- 
superconductor junctions may be used as an electronic 
microrefrigerator to cool electrons in the normal metal 
electrode below the lattice temperature. 
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FIG. 1. (a) Schematic of the NINifF junction, (b) The 
electron distribution function in the normal metal electrode 
(on the left) and HF electrode (on the right). 

FIG. 2. (a) The hybridization gap AE versus T in the HF 
metal for the spin degeneracy N — 2 and concentration of 
conduction electrons Nc = 0.95 per / ion. (b) Temperature 
behavior of the Peltier coefficient H for the NIN_ffF junction 
determined from Eq. (10) at A?" = 2 (solid line), N = S 
(dashed line). 
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